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Polycaprolactone (PCL) polymer has been surface modified using oxygen low-
temperature plasma and melt extruded into single filaments. Oxygen plasma
was generated using a radiofrequency source with power of 150 W. The PCL
polymer samples were treated with plasma for various durations of 5 min,
10 min, and 20 min. Water contact angle measurements were carried out to
assess the wettability, revealing that the treatments reduced the contact angle
by up to 11�. Changes in the chemical bonding and surface compositions were
characterized by using x-ray photoelectron spectroscopy and Fourier-trans-
form infrared spectroscopy, revealing a high concentration of oxygen func-
tionalities on the surface. Crystallinity changes were studied by using x-ray
diffraction analysis. The surface morphology of the polymer was investigated
using field-emission scanning electron microscopy. The thermal degradation
and melting behavior was studied using thermogravimetric analysis and dif-
ferential scanning calorimetry, respectively.

INTRODUCTION

Recently, plasmas have been used extensively in
the design of advanced materials, particularly for
adhesion and surface modifications. Although plas-
mas have long been known to the scientific commu-
nity, good understanding of the physics and
chemistry of their interaction with materials is still
lacking. However, materials scientists continue to
look for various avenues via which plasmas could be
incorporated to enhance the end functionality of
products, particularly in biomedical and green
energy industries.1 Biopolymers are currently pre-
ferred materials for use in biological applications
such as tissue engineering because of their easy
processing flexibility, biodegradability, and biocom-
patibility in comparison with metallic or ceramic
counterparts.2,3 Biopolymers can be broadly classi-
fied into natural and synthetic polymers. Natural
polymers mainly consist of polysaccharides and
proteins. In spite of their good biocompatibility,
their use in medical fields is limited because of a
strong immunogenic response, complex purification
process, and the possibility of disease transmission.4

A good alternative is to use synthetic biopolymers
such as aliphatic polyesters, polyhydroxyalkonates,
or polypropylene fumarate, to name a few. Among
these, aliphatic polyesters are the most popular for
use in tissue engineering applications. The main
advantage of aliphatic polyesters is their ability to
degrade biologically in controlled physiological envi-
ronments. The most commonly used aliphatic
polyesters for biomedical applications are polygly-
colide (PGA), polylactide (PLA), polycaprolactone
(PCL), and their copolymers (copolylactones). PCL
is a semicrystalline polyester and is Food and Drug
Administration (FDA) approved for use in medical
applications, being beneficial for tissue regeneration
and drug delivery applications due to its biocom-
patibility, processability, degradability, and
mechanical properties.5–7 However, it is considered
to be a hydrophobic material, which restricts its use
in polymeric scaffolds for tissue engineering. The
biocompatibility of a material is related to the
mechanisms by which it interacts with its biological
environment. Since materials interact with tissues
through cell adhesion, the biocompatibility of mate-
rials is very closely related to cell adhesion.8 Hence,
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the surface wettability and osteoconductivity of PCL
materials must be improved, given the low cell
attachment and proliferation on untreated PCL
scaffolds.9,10

To address this issue of hydrophobicity of PCL,
researchers have tried various surface modification
methods based on flame treatment, corona dis-
charge, photon, electron, and ion beams, and x-
and c-rays. Among these methods, plasma treat-
ments are the most promising, as they are solvent
free and very effective for surface modification and
improving the biological properties without affect-
ing other desired properties.11 Low-temperature
plasmas (LTPs) are a unique state of matter due
to the presence of neutral atoms and molecules,
radicals, excited states, ions, and electrons. They
contain characteristic electron energies of a few to
10 eV with ionization degrees that are typically
small but can be increased to higher values, partic-
ularly in arc discharges. These energetic electrons
can generate radicals, charged species, excited
states, and photons. At low pressures, space-charge
sheaths at the plasma boundaries can accelerate
and deliver fluxes of ions to surfaces with
adjustable energies ranging from a few to hundreds
of eV. These ion fluxes permit surface modification
by sputtering, etching, activation, and deposition,
which is important for technological devices ranging
from etching and deposition of materials in micro-
electronics to medical implants.12 The use of plas-
mas for surface modifications of biomaterials is
considered very useful compared with other wet
chemical processes, as plasmas can induce function-
alities resulting in unique electronic, optical,
mechanical, and biological properties.13

Experimental studies have shown that plasma
treatments can change or improve the surface
properties of targeted polymers. Hence, plasma
treatments can be used for surface modification or
thin-layer coating on the polymeric surface, while
the control of both the surface chemical composition
and physical topography of the polymers is possible
by controlling different parameters. Specifically,
plasma surface modification can introduce func-
tional groups, surface roughness control, crosslink
formation, and graft polymerization on polymeric
surfaces.14 Plasma treatments have frequently been
used to insert chemically reactive functional groups
onto polymer substrates. Typical plasma treatments
by oxygen, ammonia, or even air can generate
carboxyl groups.15–18 Such polymer treatments have
been shown to increase not only the wettability and
adhesion properties but also mechanical proper-
ties.19 A considerable amount of research is cur-
rently being carried out to improve the surface
characteristics of PCL polymers to promote cell
adhesion using plasma treatments. In particular, a
focus of such research has been the use of air,
oxygen, and ammonia plasmas to promote the
hydrophilic nature of the polymer surface.20 The
idea is to replace the weak chemical bonds on the

surface of neat PCL with highly reactive amine,
carboxyl, hydroxyl, and aldehyde groups.21–24

Plasma treatments can also affect the crystallinity
of the polymer, which also greatly affects the cell
adhesion.25,26

Prabhakaran et al. fabricated PCL nanofibrous
scaffolds using an electrospinning technique and
modified the surface using plasma treatments,
reporting a 17% increase in cell proliferation after
plasma treatments.27 In another study, Ma et al.
reported an increase in cell proliferation and
spreading when using air plasma treatments on
electrospun PCL nanofibers, mainly through the
introduction of COOH groups.28 Fujihara et al.29

and Zander et al.30 both used air plasma treatments
as a supplementary process in the fabrication of
materials to improve the biocompatibility, varying
the voltage and treatment time. The proliferation
was improved due to oxygen-containing polar
groups. In another study, Martins et al. used two
types of gases (Ar and O2), two powers (20 W and
30 W), and two exposure times (5 min and 10 min)
and claimed that, although the surface properties
contribute substantially to the physicochemical
properties and cellular performance of scaffolds, to
achieve the best results various parameters must be
optimized.11 Similarly, Jacobs et al.31 employed
three types of gas (air, Ar, and He), three powers
(1.1 W, 1.6 W, and 2.1 W) and three ranges of
exposure times (0–30 s, 0–70 s, and 0–90 s). They
found that the discharge atmosphere had a signif-
icant effect on the PCL surface modification, but the
results obtained revealed no conclusive trend with
respect to the other variables (power and time).
Herrera et al.32 investigated the effect of power
(10 W, 20 W, and 30 W) and exposure time (1 min,
3 min, and 5 min) for air plasma treatment on an
electrospun PCL mesh. They claimed that increas-
ing the surface energy affected the hydrophilicity of
material via the generation of polar groups without
affecting the morphological properties of the mate-
rial. More recently, Asadian et al.33 used atmo-
spheric plasma jets to plasma-treat PCL solution
before generating nanofibers, observing a great
influence of pretreatments on the morphology of
the electrospun PCL nanofibers. These enhance-
ments were attributed to increased solution conduc-
tivity, which acted as a process improvement
parameter. However, the wettability of polymer
nanofibers still had to be enhanced by applying a
second plasma treatment to the synthesized nano-
fibers. In a typical plasma generation process,
electrons gain energy from the applied electric
energy. Upon further energy addition, electrons
are accelerated until they gain sufficient energy to
cause electron ejection or bond breaking, resulting
in the formation of positive ions, molecular frag-
ments, or free radicals. However, there is still a lack
of basic knowledge on the processes that take place
at the surface level due to plasma–surface interac-
tions. While researchers are trying to understand
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these interactions, it is evident that plasma pro-
cesses can be leveraged to explore various avenues
of material design.

It is clear from the above-mentioned studies that
further studies must be conducted to effectively take
advantage of plasma modifications of polymers,
particularly for biomedical applications. More infor-
mation in this area will help researchers and
engineers clearly establish the effect of each vari-
able on the physicochemical and biological proper-
ties of the developed scaffolds. The purpose of the
present study is thus to contribute to the scientific
findings on plasma treatments of biopolymers and
thereby enhance their use in tissue engineering
applications. Oxygen plasma treatment results in
oxygen or hydroxyl group functionalization. These
functionalities can help in the formation of sec-
ondary bonding or esterification during extrusion,
which can aid polymer chain organization during
extrusion, affecting the crystallinity of the extruded
filaments. The polymer chain conformations and
crystallinity can then further influence the vis-
coelastic, thermal, and mechanical properties of the
bulk polymer. To the best of the authors’ knowledge,
there have been no studies on how plasma treat-
ments of PCL pellets before extrusion affect the
crystallinity and thermal properties of extruded
PCL filaments, which can be used for making
scaffolds using three-dimensional (3D) printing
techniques for tissue engineering applications.
Plasma treatment is affected by various parameters
such as the plasma power, gas flow rate, chamber
pressure, distance of the sample from the plasma
discharge, and exposure time. The aim of this work
is to investigate the effects of oxygen plasma
treatment at 150 W for different durations (5 min,
10 min, and 20 min) on the surface modification of
PCL pellets and the resulting effect on crystallinity
and thermal properties of the extruded filaments.
Spectroscopic studies including XPS and FTIR
spectroscopy were applied to investigate the surface
chemistry; Morphological changes were studied
using SEM and XRD analysis. Hydrophilicity
changes were monitored using water contact angle
measurements. The thermal properties and crys-
tallinity changes of the extruded filaments were
studied using XRD analysis, TGA, and DSC
techniques.

EXPERIMENTAL PROCEDURES

Materials and Methods

Polycaprolactone polymer pellets with average
molecular weight of 50,000 and average size of
3 mm were kindly provided as research samples by
Perstorp UK under the trade name CAPA 6500.

Experimental Setup

PE-100 equipment from Plasma Etch was used for
LTP treatments. The design of the machine was

custom modified with a rotating circular drum for
use as a sample holder to ensure uniform function-
alization of the powder materials (Fig. 1). Pellets
were plasma treated in the presence of oxygen gas
at chamber pressure of 0.2 mTorr and constant flow
of 30 ccm at radiofrequency (RF) power of 150 W
generated at a standard frequency of 13.5 MHz for
three different durations of 5 min, 10 min, and
20 min. The surface-treated pellets were later used
to extrude filaments with diameter of about 1.3–
1.7 mm using a Haake Minilab twin-screw extruder
at heating temperature of 70�C and screw speed of
75 rotations per min.

Material Characterization

Microstructural Characterization

X-ray diffraction (XRD) analysis was carried out
to study the changes in the crystallinity of the
polymer due to plasma functionalization, using a
Bruker D8 diffractometer with a monochromatic Cu
Ka radiation source at 40 kV and 40 mA. Diffraction
data were collected in the 2h range of 10�–30� at a
scan rate of 0.1�/min. The surface morphology of the
plasma-treated polymer pellets was studied by FE-
SEM (JOEL JSM-7200F) after sputtering with a
thin layer of gold/palladium under vacuum.

Chemical Modification

Chemical analysis was performed by Fourier-
transform infrared-attenuated total reflectance
(FTIR-ATR) spectroscopy (Thermo Scientific Nicolet
iS5) using 32 averaged scans at resolution of 4 cm�1

over the range of 4000–400 cm�1. FTIR spec-
troscopy was conducted to investigate the effect of
oxygen treatment for various durations on the
functional groups on the surface of the pellets.
Background spectra were taken in the empty cham-
ber before measurements to eliminate the influence
of water moisture and CO2 in the air. XPS studies
were performed on pellets to characterize the sur-
face binding energy and attachment of oxygen
functionalities using a Phi Electronics, Inc. Ver-
saProbe 5000 equipped with a monochromatic Al x-

Fig. 1. Experimental setup of plasma treatment process.
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ray source with a spot size of 100 lm at 25 W. The
system offers dual charge neutralization, so no
corrections were made to the peak positions. Survey
scans were taken with step size of 0.8 eV and pass
energy of 187.85 eV. High-resolution scans were
taken with step size of 0.1 eV and pass energy of
23.5 eV.

Water Contact Angle (WCA) Measurements

Water contact angle measurements (Data Physics
OCA200) were performed on the pellet samples
using the sessile drop method to characterize the
change in hydrophilicity of the materials. Droplets
with volume of 10 nanoliters were dispensed and
deposited onto the substrate. Movies were recorded
for at least 15 s. SCA20 software was used to
analyze the images and automatically calculate
the contact angle by fitting the droplet profile.

Thermal Characterization

Differential scanning calorimetry (DSC) was car-
ried out in nonisothermal mode at a scan rate of
10�C/min using a TA Instruments Q2000 DSC. The
machine was purged with dry nitrogen at 50 mL/
min. The heat–cool cycle was utilized to study the
thermal behavior of the material. The material was
heated from room temperature to 150�C, then cooled
to � 80�C again before another heating cycle was
ran up to 150�C, as shown in Fig. 2. The percentage
crystallinity was calculated using the enthalpy
values obtained from the first melting endotherms.
To calculate the percentage crystallinity, 139.5 J/g
was used as the 100% crystallinity value for PCL.
The influence of the plasma treatments on the

thermal stability and decomposition behavior of the
material was investigated using thermogravimetric
analysis (TGA), employing a TA Instruments Q-500.
The equipment was purged with dry nitrogen at
90 mL/min and 10 mL/min for the furnace and
sample, respectively. Samples were scanned from
30�C to 500�C at ramp rate of 10�C/min, while
sample weight loss data were recorded as a function
of temperature. The sample weight loss and its
derivative weight loss curves were obtained from
each test, and thermal stability parameters such as
the onset and decomposition temperatures were
recorded along with the residue for each sample.
Three samples from each system were scanned, and
average data are presented for comparison.

RESULTS

The surface binding energy of the oxygen-plasma-
treated PCL pellets was characterized using XPS
technique, revealing that the plasma treatments
were effective for increasing the oxygen-related
functional groups on the surface. Such enhance-
ment can affect the hydrophilicity of the material.
The results are shown in Fig. 3. The elemental
composition of oxygen and carbon and the O/C ratio
obtained from the XPS results revealed that, as the
duration of the treatment was increased, the carbon
content decreased while the oxygen content
increased. The greatest oxygen content was found
in the pellets treated for 20 min, in which condition
the O/C ratio was also highest. To understand the
surface functional groups in more detail, high-
resolution C 1s spectra were studied. The

Fig. 2. DSC curves of extruded PCL filaments pretreated with
oxygen plasma for various durations.

Fig. 3. XPS spectra of PCL pellets treated with oxygen plasma for
various durations.
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quantitative results obtained from deconvolution of
the graphs (not shown here) showed that the C 1s
spectra could be divided into three main regions
corresponding to C-C bonds at around 285 eV, C-O
bonds at around 286.5 eV, and C=O bonds at around
289 eV (Table I). It was found that, initially with
treatment for 5 min and 10 min, the C-O bond
concentration increased, but upon further treat-
ment, the C=O signal increased drastically for
20 min, reducing the C-O content to almost its neat
counterpart. The reason for this reduction in C-C
bonds and increase in C-O and C=O bonds after
5 min and 10 min is due to the introduction of new
functional groups of hydroxyl, carboxyl, and car-
bonyl. After 20 min of treatment, due to prolonged
functionalization, an increase in the carbonyl (C=O)
groups was observed, which may be due to conden-
sation of hydroxyl and carbonyl groups during the
treatment itself. This is also evident from the
reduction of the C-O bond percentage on the sur-
face; the decrease in hydroxyl (–OH) functionalities
is not desirable in the current experiment, because
they are expected to promote hydrogen bonding
among the polymer chains during extrusion or even
esterification. For this reason, no treatments
beyond 20 min duration were performed.34

The FTIR results revealed that, even though
there were no additional functional groups attached
upon plasma treatments, the intensity of various
groups was slightly altered (Fig. 4). The absorption
bands at around 2940 cm�1 can be assigned to
asymmetric stretching of C-H hydroxyl groups.
The bands at 2860 cm�1 are assigned to symmetric
stretching of C-H hydroxyl groups. The intensity of
these peaks was not altered to a great extent.
However, with prolongation of the treatment dura-
tion, there was an increase in the intensity at
around 1720 cm�1 assigned to stretching vibrations
of the -C=O of the ester carbonyl group along with
the COOH group assigned to intensities at around
1710 cm�1. It was also found that, for treatments
with shorter duration (5 min), the intensities of the
peaks at around 1240 cm�1 and 1190 cm�1 associ-
ated with C-O-C and OC-O bonds increased slightly,
but upon further treatment, they reduced and
became almost similar to those observed for neat

pellets. Thus, the results of the XPS and FTIR
studies indicate that, with short durations (5 min
and 10 min), the functional groups were mainly due
to C-O bonding, but upon further treatment, the
functionalities were more due to C=O.32

PCL polymer is semicrystalline, meaning that it
contains both amorphous and crystalline regions,
where each type of region can be used for different
applications.25,26 XRD studies of oxygen-plasma-
treated pellets revealed that, with an increase in the
treatment duration of pellets, their surface became
more amorphous (Fig. 5). It was found that, on
increasing the treatment time, the peaks at 21.4�
and 23.8�, representing its crystalline nature and
being associated with diffraction from the (110) and
(200) lattice planes, showed reduced intensity,
indicating reduced surface crystallinity. However,
as there were no additional peaks, it can be inferred
that the plasma treatments did not significantly
affect the crystallinity, which is expected as plasma
treatments are only surface phenomena.35

Water contact angle measurements were carried
out to quantify the change in the wettability of the
surface of the PCL pellets (Fig. 6). The results for
the plasma-treated pellets revealed an improve-
ment in their hydrophilic nature with a reduction of
the contact angle by up to 11�. The contact angle,
which was initially around 67.8�, reduced to around
56.6� after oxygen plasma treatment for 20 min.
However, there was not a very drastic change in the
hydrophilicity of the pellets, particularly with water
droplets.

SEM micrographs of plasma-treated pellets at
multiple locations revealed no significant change in
the surface of the pellets in terms of any pattern
formation (Fig. 7a and b). However, in the case of
samples treated for 20 min (Fig. 7c), rough surface
groves were observed, which might be mainly due to
a reduction in the surface crystallinity and weak-
ening of the polymer surface during the treatments
due to the rotation of the drum or even plasma-
induced etching and polymer surface degradation.
The primary focus of this (SEM) study is to deter-
mine whether any surface-level etching or crystal-
lization occurred due to the plasma treatments. In
case of samples treated for 5 min, no significant
morphological changes were observed. However, in
case of samples treated for 10 min and 20 min,
surface-level morphological changes were observed,
as confirmed for two samples in this study. During
the tests, images were taken at multiple locations
(from all available directions) only to confirm
whether the changes were uniform and representa-
tive of the morphological effects due to plasma
treatments. Importantly, the morphological changes
provide only an indication of the surface-level
reactions due to the plasma treatment. For this,
the results of the more accurate technique of XPS

Table I. Elemental composition, O/C ratio, and
relative area (%) corresponding to different
chemical bonds

Treatment %C %O O/C C-C C-O C=O

Neat 74.7 25.3 0.34 50.04 35.07 14.89
O2 for 5 min 75.5 24.5 0.33 37.22 48.17 14.61
O2 for 10 min 70.3 29.7 0.42 35.35 49.88 14.77
O2 for 20 min 69.0 31.0 0.45 47.94 31.33 20.72
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Fig. 4. FTIR spectra of PCL pellets treated with oxygen plasma for various durations.

Fig. 5. XRD profiles of extruded PCL filaments pretreated with oxygen plasma for various durations.

Mohammed, Jeelani, and Rangari1528



Fig. 6. Water droplet pictures taken for WCA measurements of PCL pellets treated with oxygen plasma for various durations.

Fig. 7. SEM micrographs of PCL pellets treated with oxygen plasma for various durations Neat (a), 5 min (b), 10 min (c) and 20 min (d).
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are presented in Table I. For the end product, i.e.,
the extruded filaments, the morphological changes
on the pellets (shown in SEM images) will not have
any significance because, during the melt extrusion
process, the pellets will be melt blended and
only chemical changes in the form of surface
energies will influence how the polymer chains
arrange themselves. The main reason for perform-
ing SEM analysis on the pellets was to investigate
whether the plasma treatment only altered the
surface energy (as confirmed through XPS) or also
caused any surface-level etching/crystallization.

From the DSC and TGA data (Table II), it can be
inferred that plasma treatment of the pellets prior
to extrusion of filaments did not have any signifi-
cant effect on any of the crystallization values or
decomposition values obtained from DSC and TGA
graphs, respectively (Figs. 2 and 8). The amount of
functionalization by C-O and C=O bonds formed
during plasma treatment on the surface of the
pellets was not very effective for forming any
additional secondary bonds during the melt extru-
sion process. However, if the process is properly
optimized by changing treatment parameters such
as the power and duration, or even increasing the
exposed surface area, there is scope for promoting
secondary bonding during the extrusion process,
which may help to improve the thermal properties
of the material.

CONCLUSION

Although plasma treatments are primarily pre-
ferred as a surface modification tool, incorporation
of plasma treatments during the manufacturing
process itself has huge potential for the develop-
ment of novel materials. Based on the results of the
present study, it can be concluded that plasma
treatments were successful in modifying the surface
of the material in terms of binding energies via
incorporation of oxygen functional groups with C-O
and C=O bonding, as confirmed by XPS and FTIR
studies. LTP treatments were also successful in
altering the hydrophilicity of the material to some
extent. However, material (pellet) modifications
prior to extrusion could not translate into improve-
ments of the thermal properties of the material,
which may also be related to the mechanical
stability, particularly for polymers. There is a need
to optimize the process further in order to achieve
desirable functionalities to promote secondary bond-
ing among polymer chains. This could be achieved
by a better understanding of the effect that various
parameters have on the surface modification and
functionalization of polymer bulk material and
clarification of the physical and chemical processes
involved in plasma generation to incorporate them
into material design, particularly in the early stages
of material development.
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